The Effects of Multiple Beneficial Management Practices on
greater than that from its paired conventionally tilled field, because P loss from these fields were 93 dominated by dissolved P in snowmelt runoff, which was greater under conservation tillage than under 94 conventional tillage system. Similar results have been reported by researchers in Scandinavia (Ulen et al., 95 2010). Clearly, the effects and anticipated benefits from agricultural BMPs developed in temperate- 96 climate regions need to be re-evaluated for cold-climate regions. 97 Previous field studies on the effects of BMPs in cold-climate regions have primarily been 98 conducted at the plot or in-field scale and many used the changes in soil nutrient concentrations due to recommend the use of a single covariate, the water quality variable measured at the control watershed, to 122 predict the matched variable measured at the treatment watershed (USEPA, 1993 (USEPA, , 1997a (USEPA, , 1997b ). This 123 simple ANCOVA method has been successfully applied in many studies to examine the BMP effects on 
MATERIALS AND METHODS
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Study Sites
144
To validate the performance of selected BMPs in a watershed setting, Agriculture and Agri-Food 
Statistical Analysis
243
Both the hydrologic variables and the nutrient loss variables were highly skewed (skewness 244 normally greater than 1.5). The natural log transformation was used to normalize the data as commonly 245 applied in watershed studies (e.g., USEPA, 1993) and reduced the skewness of most of the data to 246 between -0.5 and 1. All statistical analyses described below were performed on the transformed data.
247
The effects of BMPs on the hydrologic variables and nutrient export and FWMC were initially 248 examined using two simple ANCOVA models as recommended by USEPA (1993, 1997a, 1997b) : anticipate that several more years of data collection will be required before the assessment of this BMP is 305 complete. Therefore, in this study, we focused the evaluation on the holding pond and the nutrient 306 management BMPs.
307
The feedlot area did not receive runoff water from the upstream catchment area and the runoff from (Fig. 1c) . Runoff entering the 313 holding pond was monitored and water quality samples were collected and analyzed using methods 314 similar to those used for the MSC and MST water samples. It must be recognized that before the holding 315 pond was built, not all runoff and nutrient exports from the feedlot area was able to reach MST. From the 316 feedlot area to MST, the stream length was 2.3 km (Fig. 1c) (Table 2) . However, there were more rainfall events than snowmelt events so that, in some 381 cases, the total or annual average UFVs for rainfall events were greater than those for snowmelt events 382 (Fig. 2a) . Also, except for the UFV for rainfall events at the control sub-watershed, the three hydrologic 383 variables all decreased from the Pre-BMP to the Post-BMP period. These general similarities between the 384 two sub-watersheds, especially those for the Pre-BMP period, strengthened the foundation for this paired 385 watershed study. However, there were also some noticeable differences between the two sub-watersheds.
386
For example, the median values of the event UFV and AvgFR at the control sub-watershed were 387 consistently greater than the those at the treatment sub-watershed (Table 2 ). The annual total UFV was 388 greater at the treatment sub-watershed in some years but was lower in some other years, compared to that 389 at the control sub-watershed (Fig. 2a) . Also, at the treatment sub-watershed, the total UFV for snowmelt 390 events in the entire study period was greater than that for rainfall events, whereas at the control sub-391 watershed, opposite trends were observed. These differences in hydrology reflect the differences in land 392 use and topography between the two sub-watersheds and suggest that using hydrologic variables as 393 additional covariates could be beneficial in examining the effects of BMPs.
394
The effects of hydrology on nutrient exports were evidenced in that the annual total nutrient exports 395 followed a similar pattern as that of the annual total UFV (Fig. 2) . In fact, for the treatment sub-watershed, 396 all correlation coefficients between nutrient exports and hydrologic variables were significant at P ≤ 0.10 397 (Table 3 ). The correlations between nutrient exports and the three hydrologic variables were greatest for Based on the two simple ANCOVA models (i.e., Eqs. 1 and 2), during rainfall events, coefficients 411 for X for all three hydrologic variables were significant at P ≤ 0.01, indicating that the variation of these 
Nutrient Exports
430
For both snowmelt and rainfall events, phosphorus and nitrogen exports in dissolved form were 431 much greater than in particulate form (Table 2 ). For the entire study period, TDP and TDN exports were 432 5.0 and 7.9 times of the PP and PN exports, respectively, on the treatment sub-watershed (Fig. 2) . On the 433 control sub-watershed, the ratios were 4.7 and 7.4 for TDP / PP and TDN / PN, respectively. Although 434 there were more rainfall events than snowmelt events, per event nutrient exports for snowmelt events 435 were much greater than for rainfall events. As a result, on both sub-watersheds during the entire study 436 period, the total exports of TDP and TDN in snowmelt events were greater than those in rainfall events 437 and the total exports of PP and PN in snowmelt events were similar to those in rainfall events (Fig. 2) . median event nutrient exports all decreased after BMP implementation ( Table 2 ). The fact that these 442 decreases in nutrient exports occurred at the control sub-watershed, where no BMP has been implemented, 443 suggests that there were differences in precipitation and hydrology between the Pre-BMP and Post-BMP 444 periods. However, there was also a general trend for the magnitude of decreases in both the snowmelt and 445 rainfall events to be greater at the treatment sub-watershed than at the control sub-watershed, indicating a 446 reduction of nutrient exports due to BMP implementation on the treatment sub-watershed (Table 2) .
447
For the full ANCOVA models used to analyze results of nutrient exports (Eq.2), the interaction 448 term (Int) in these models was non-significant (P > 0.10) in all cases (data not shown) and there were 449 very few differences between the reduced model (Eq. 1) and the full model (Eq. 2). Therefore, the 450 following discussion will be focused on the reduced model (Table 5) than VolR did (Table 3) , AvgFR was not in the best multivariate ANCOVA models for most nutrient 478 exports except for those for PP, PN, POC and NH 3 exports in rainfall events (Table 6 ). Most importantly, 479 the Prd was a significant factor (P ≤ 0.10) in two thirds of the best multivariate ANCOVA models and 480
where it was non-significant (P > 0.10), the coefficient for Prd was negative in value, indicating a 481 consistent trend of reduction due to BMP implementation. The differences in nutrient export reductions 482 between snowmelt and rainfall events and between dissolved and particulate forms were not obvious, 483 mainly because only a few paired comparisons were valid (i.e., Prd was significant in the models of the 484 same nutrient export for both the rainfall and snowmelt events). For all runoff events combined, the 485 average reductions of nutrient exports due to BMP implementation ranged from 38% to 45% (Table 6) were similar to those for nutrient exports in that: i) the models were all significant at P ≤ 0.10; ii) the 503 interaction term (Int) was mostly non-significant in the full ANCOVA models; and iii) X was mostly 504 significant ( between Prd and X were mostly non-significant (P > 0.10). However, in most cases, the influence of Prd 507 was significant (P ≤ 0.10), especially with the reduced model ( suggests that it was still beneficial to incorporate these hydrologic variables in these models.
519
The percent reduction values calculated from the best multivariate ANCOVA models for nutrient 520 FWMCs agreed well with those for the nutrient exports, especially for cases where these reductions for a 521 specific nutrient form were both significant (P ≤ 0.10) for nutrient export and FWMC (Table 6 ). This 522 consistency between the reductions of nutrient FWMCs and exports was expected because flow volume 523 was not significantly (P > 0.10) affected by BMP implementation (Table 4 ). The percent reduction values 524 for snowmelt and rainfall events were not much different from each other for the same nutrient FWMCs.
525
Neither were there many differences between the percent reduction values of dissolved and particulate 526 forms of nutrients. Overall, for all runoff events, the average reduction of nutrient FWMC due to 527 implementation of the five BMPs ranged from 32% to 55% (Table 6 ). In particular, on average, TP- 
Contributions of the Holding Pond
533
Data collected at the inlet of the holding pond (MSH) showed that runoff from the feedlot site 534 overall could contribute a maximum of 4% towards the runoff at the sub-watershed outlet (Table 7) ; 535 whereas the area of the feedlot site was only 1% of the total area of the sub-watershed (Table 1) . This 536 greater runoff contribution from the feedlot relative to the drainage area was likely due to the low 537 infiltration rate and limited water storage on the feedlot site, an effect reported in many previous studies 538 (e.g., Miller et al., 2004) . Interestingly, when analyzed separately, the potential contributions of the 539 feedlot runoff were much greater in rainfall events than in snowmelt events (Table 7 ). This could be 540 explained because during rainfall events, other areas in the sub-watershed had much greater infiltration 541 rates than the feedlot. Alternatively, during snowmelt events, soil was mostly frozen and, therefore, 542 differences in infiltration rates between the feedlot and the rest of the sub-watershed were small.
543
Nevertheless, the reduction in runoff volume due to the holding pond was small in all cases, which agreed 544 with the non-significant (P > 0.10) effect of BMPs on UFV in the simple ANCOVA (Table 4) .
545
Flow-weighted mean concentrations of the nutrients measured at MSH were much greater than 546 those measured at MST (ratios all greater or equal to 4, Table 7 ). As a result, although the runoff volume 547 from the feedlot was only a small portion of that at MST, the calculated maximum reductions due to the 548 holding pond were substantial. The maximum reductions for rainfall events were much greater than the 549 respective reductions for snowmelt events. The greater reductions for rainfall events was likely due to the 550 greater potential contribution of runoff from the feedlot in rainfall events than in snowmelt events (12% 551 versus 3%), since the ratios of FWMCs between MSH and MST within rainfall events and within 552 snowmelt events were not that much different (Table 7) . For rainfall events, the maximum reductions due 553 to the holding pond ( Table 7 ).
560
For all events, assuming that all TP and TN leaving the feedlot reached MST before the holding 561 pond was built (i.e., k = 1.0 in Eq. 6), the reductions of TP and TN due to the holding pond were 24% and 562 24%, respectively, which were 63% and 57% of the average reductions in TP and TN exports, 563 respectively, at MST determined by the multivariate ANCOVAs (Table 7) . In other words, the holding 
Effects of the Nutrient Management
574
The nutrient budget analysis showed that when all cropped fields were taken into account, there 575 were no significant differences (P > 0.10) between the Pre-BMP and Post-BMP periods in N and P inputs 576 at the control sub-watershed but at the treatment sub-watershed, N and P inputs significantly (P ≤ 0.10) 577 decreased by 36% and 59% (i.e., 26 kg ha -1 yr -1 and 5 kg ha -1 yr -1 ), respectively, from the Pre-BMP to 578 Post-BMP period (Fig. 4a, 4b) . Part of these decreases in N and P inputs were due to the perennial forage 579 conversion since there was very limited application of synthetic fertilizer and no manure applied to the 580 perennial forage conversion fields (data not shown). However, when only continuously annual cropped 581 fields were taken into account, similar patterns of N and P inputs at the two sub-watersheds were 582 observed-between Pre-BMP and Post-BMP periods, there were no significant differences (P > 0.10) at 583 the control sub-watershed but there was a significant decrease (P ≤ 0.10) of P input at the treatment sub-584 watershed (Fig. 4c, 4d ). In spite of the reductions in N and P application rates, crop yields remained 585 similar and, therefore, differences in nutrient removals between the Pre-BMP and Post-BMP periods were 586 non-significant (P > 0.10) in all cases (Fig. 4e, 4f, 4g, 4h ).
587
Both nutrient inputs and removals contributed to the status of nutrient balances. At both sub-588 watersheds, there was a surplus of N but a deficit of P in the Pre-BMP period (Fig. 4i, 4j, 4k, 4l ). This 589 pattern was likely due to the low application rate of P fertilizer relative to that of N fertilizer (data not 590 shown). BMP implementation at the treatment sub-watershed had significantly (P ≤ 0.10) reduced the N 591 and P inputs, resulting in deficits in the N and P balances, whereas at the control sub-watershed, the 592 changes in N and P balances were non-significant (P > 0.10) (Fig. 4i, 4j, 4k, 4l) . The nutrient budget 593 deficits at the treatment sub-watershed have not affected the yields significantly, even on annual cropped 594 fields, largely due to crop uptake of nutrients from substantial reserves of soil nutrients that were 595 measured in soil tests (data not presented). Therefore, the overall reductions in the nutrient balances were 596 driven by the decreases of N and P inputs. In particular, there was a significant reduction in P balance at 597 the treatment sub-watershed, which was due to the significant decrease of P input on annual cropped land.
598
The results from the annual cropland at the treatment sub-watershed seem to suggest that on fields with events, has not been well targeted in these BMPs. However, among the five BMPs, some are likely to be 614 more effective in reducing nutrient losses in the particulate form (e.g., forage conversion) whereas some 615 are likely to be more effective in reducing nutrient losses in the dissolved form (e.g., grazing restriction). Table 1 for details). and Post-BMP periods. Significance level of the difference is determined using a two-way t-test 800 (NS, †, * and ** denote non-significant and significant at P ≤ 0.10, 0.05 and 0.01, respectively).
801 Table 1 . Beneficial Management Practices (BMPs) implemented at the Steppler (treatment) sub-watershed during the Post-BMP period. ‡ Percentage of the total catchment area of the Steppler sub-watershed. Table 2 . Event median values for the hydrologic variables, nutrient exports and flow-weighted mean concentrations (FWMCs) at the outlets of the Madill (control) and Steppler (treatment) sub-watersheds ‡. Table 3 . Correlation coefficients between the hydrologic variables and between the hydrologic variables and nutrient exports and flow-weighted mean concentrations (FWMCs) at the outlet of the Steppler (treatment) sub-watershed ‡ §. Table 4 . Results of the simple Analyses of Covariance (ANCOVA) models for the hydrologic variables ‡. ‡ Abbreviations: Vol, runoff flow volume; AvgFR, average flow rate; PkFR, peak flow rate; Prd, study period; Int, the interaction term in the model. Table 5 . Results of the Analyses of Covariance (ANCOVA) using the reduced models for nutrient exports and flow-weighted mean concentrations (FWMCs) ‡. ‡ Abbreviations: TP, total phosphorus; TDP, total dissolved phosphorus; PP, particulate phosphorus; TN, total nitrogen; TDN, total dissolved nitrogen; PN, particulate nitrogen; NH Table 7 . Results of the best multivariate Analyses of Covariance (ANCOVA) models for nutrient exports and flow-weighted mean concentrations (FWMCs) and the estimated reductions due to BMP implementation ‡. Table 6 . Maximum reductions of runoff and nutrient exports at the Steppler (treatment) sub-watershed outlet (MST) due to the holding pond BMP and the ratios of flow-weighted mean concentrations between those measured at the holding pond inlet (MSH) and those measured at the treatment sub-watershed outlet ‡ §. Steppler (treatment)
